Physical activity may counteract metabolic disturbances that promote the progression of CKD. To address this concept, we performed a longitudinal cohort study of 256 participants in the Seattle Kidney Study, a clinic-based study of CKD. Participants with an estimated GFR (eGFR) of 15-59 ml/min per 1.73 m 2 at baseline were eligible for the study. Physical activity was quantified using the Four-Week Physical Activity History Questionnaire. We used generalized estimating equations to test associations of physical activity with change in eGFR determined by longitudinal measurements of serum cystatin C. Mean baseline eGFR was 42 ml/min per 1.73 m 2 . During a median 3.7 years of follow-up, the mean change in eGFR cystatin C was 27.6% per year (interquartile range, 216.8%, 4.9% per year). Participants who reported .150 minutes of physical activity per week had the lowest rate of eGFR cystatin C loss (mean 26.2% per year compared with 29.6% per year among inactive participants). In adjusted analyses, each 60-minute increment in weekly physical activity duration associated with a 0.5% slower decline per year in eGFR (95% confidence interval, 0.02 to 0.98; P=0.04). Results were similar in sensitivity analyses restricted to participants without cardiovascular disease or diabetes, or to participants with moderate/high physical function. After adjustment for eGFR at the time of questionnaire completion, physical activity did not associate with the incidence of ESRD (n=34 events). In summary, higher physical activity levels associated with slower rates of eGFR loss in persons with established CKD.
associated with lower rates of kidney function decline in a large, community-based cohort study. 23 However, no prospective studies have evaluated associations of physical activity with kidney function outcomes among individuals who have established CKD. Given the overlapping metabolic disturbances of CKD and physical inactivity, it is possible that the beneficial effects of physical activity are particularly strong in the setting of impaired kidney function.
We hypothesized that greater levels of leisure-time physical activity would be associated with slower rates of kidney function decline in an established, prospective cohort study of individuals who have nondialysis CKD.
RESULTS

Participant Characteristics
Demographics, comorbid diseases, and laboratory characteristics differed between participants in the highest versus lowest physical activity groups (i.e., $150 minutes per week versus 0 minutes per week) ( Table 1 ). The highest physical activity group was characterized by a greater proportion of Caucasians, higher education level, lower body mass, and lower prevalence of coronary disease, peripheral vascular disease, smoking, and diabetes. Baseline estimated GFR (eGFR) did not materially differ by physical activity group. Among participants who reported engaging in any physical activity, 41% reported engaging in walking only and 36% reported engaging in a combination of walking and other leisure-time physical activities. Among the 256-member study cohort, 186 participants had $3 eGFR measurements and a median follow-up of 3.7 years ( Figure 1 ).
Association of Physical Activity with eGFR Decline
The mean relative change in eGFR cystatin C was 27.6% per year (interquartile range, 216.8%, +4.9% per year). Relative eGFR decline was 29.6% per year among inactive participants versus 26.2% per year among participants who were in the highest physical activity group (Table 2) . After adjustment for demographic, lifestyle, and clinical patient characteristics, greater durations of physical activity were consistently associated with slower rates of eGFR decline. Each 60-minute greater duration of weekly physical activity was associated with an estimated 0.5% per year slower decline in eGFR (P=0.04).
To evaluate whether observed associations might reflect poorer health status among individuals in the lowest physical activity group, we repeated analyses after removing participants who had prevalent coronary artery disease, prevalent diabetes, and a Short Physical Performance Battery (SPPB) 24 score ,8 ( Table 3 ). The magnitude of association between the amount of physical activity and eGFR decline was similar in each of these restricted subgroups. The association of physical activity category with eGFR decline was also similar comparing subsets of participants who had baseline eGFR values of Analyses defining walking minutes per week as the exposure of interest produced similar effect estimates to those from our primary analyses; however, linearity of the duration-risk association was less clear (Supplemental Table 1 ). Participants who walked more had slower annualized rates of eGFR decline:-5.3% per year among participants who self-reported walking $150 minutes per week versus-8.6% per year among participants who reported not walking at all (P for trend = 0.13). Lastly, estimation of GFR using the creatinine-based Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation did not materially alter the observed associations (Supplemental Table 2 ).
Association of Physical Activity with Incident ESRD During a median follow-up of 3.0 years, 34 individuals developed ESRD. The unadjusted incidence rate of ESRD was higher among participants who reported no physical activity versus those reporting any (5.7 versus 3.6 events per 100 person-years). However, in fully adjusted models (including eGFR at the time of completion of the questionnaire), neither the presence nor the total amount of physical activity was associated with incident ESRD (Table 4) .
DISCUSSION
In this prospective cohort study of patients with stage III-IV CKD, we observed an association of greater self-reported physical activity with slower relative rates of eGFR decline. Specifically, we found a 2.8% difference in annual eGFR decline comparing the highest to lowest category of physical activity after adjustment for sociodemographic factors and prevalent diseases. Associations were quantitatively similar for total leisure-time physical activity and for walking time alone and were robust to the exclusion of the most disabled participants. These findings are consistent with our previous work in a community-based cohort of ambulatory older adults, in which greater physical activity levels were associated with a lower risk of rapid eGFR decline. 23 Our results extend these observations from the general population to individuals who have existing kidney disease.
Several small experimental studies have investigated the effects of prescribed exercise regimens on kidney function among patients who have established CKD, with conflicting results. The largest of these studies randomly assigned 30 nondiabetic CKD patients to either daily bicycling for 30 minutes or maintenance of usual lifestyle. 25 After the 20-month median intervention time and follow-up, there was no change in the rate of eGFR loss. Similarly, a pilot study that assigned seven obese, diabetic CKD participants to 18 months of aerobic exercise training and four similar participants to no intervention found no subsequent changes in eGFR after the interventional period. A recent study in 21 individuals with stage II-IV CKD randomized participants to either 48 weeks of aerobic exercise training (three times per week, 55 minutes per session) and dietary counseling or standard of care. The linear slope of eGFR at 48 weeks was not different between treatment groups. 26 However, two randomized studies did report significant effects of exercise interventions on kidney function. The first assigned 17 adults with CKD to low-intensity aerobic exercise and matched 27 Participants in the exercise group had significantly diminished serum cystatin C levels, whereas no such change was noted in the control group. The second study assigned 10 participants with both CKD and cardiovascular disease to a combination of in-hospital aerobic exercise and at-home daily walking for 12 weeks and compared changes in eGFR to that of nine control participants. 28 The exercise intervention significantly improved eGFR (calculated by the Modification of Diet in Renal Disease equation) from 47.0613.7 at baseline to 55.2616.9 ml/min per 1.73 m 2 at 12 weeks, but no such difference was detected in the control group. Although these results are intriguing, previous interventional studies lack sufficient power and follow-up time to specify effects on kidney function.
Diabetes, obesity, hypertension, and kidney dysfunction itself lead to activation of the renin-angiotensin system, oxidative stress, insulin resistance, endothelial dysfunction, elevated low-grade inflammation, and increased circulating cytokines. 29 These metabolic disturbances are highly prevalent in both CKD patients and physically inactive individuals, and augment the risks of micro-and macro-vascular disease. [30] [31] [32] [33] [34] [35] [36] Aerobic exercise may attenuate or reverse these adverse metabolic processes, which can affect the kidney, in terms of inflammation, fibrosis, and progression, regardless of the primary initiating cause of CKD.
In our study, greater physical activity levels were not associated with a lower risk of incident ESRD, after full adjustment. At baseline, participants who had higher physical activity levels had somewhat better kidney function relative to those who had lower levels, promoting an expected lower risk of falling below the threshold for ESRD initiation. Adjustment for baseline GFR attenuated the association of physical activity with ESRD; however, it is possible that the cumulative effect of physical activity throughout CKD, including that before the baseline assessment, is better reflected by associations not adjusted for baseline GFR. In addition, the fully adjusted regression model included covariates that may be partial or full mediators of the association of physical activity with risk of ESRD. In particular, C-reactive protein and systolic BP may lie in the causal pathway of physical activity and incident ESRD, such that conditioning on these factors would weaken the estimated risk estimates. It is also possible that follow-up time in our study and/or the number of ESRD patients was insufficient to detect associations with incident ESRD.
The most important limitation of our study is the potential for confounding, such that other characteristics that are associated with slower kidney function decline may also be associated with a greater desire and capacity to exercise. To address this concern, we restricted our study population to individuals who had the capacity to exercise and then adjusted Figure 1 . Participant flow. Note that one participant visit corresponds to a study visit during which GFR was estimated. for known and measured characteristics that are linked with eGFR decline. We also found similar associations of physical activity with eGFR decline among subgroups of participants who were free of coronary artery disease or diabetes or scored well on the SPPB at baseline. A second limitation is the preponderance of male participants in our study, stemming from the inclusion of a Veterans Affairs study site, which may limit the applicability of our results to other CKD populations. The Four-Week Physical Activity History Questionnaire (FWH) instrument used in our study has been shown to have a high degree of reliability and validity as a measure of physical activity in CKD. 37 Nonetheless, the use of self-report to measure physical activity is expected to lead to misclassification because some participants will underreport their level of activity, whereas others will overreport their level of activity. Because participants were not aware of their future eGFR decline status at the time they completed the baseline physical activity assessment, misclassification in this study is likely to be nondifferential, leading to a bias of results toward the null.
Complete separation of physical activity from related characteristics that may influence kidney function decline requires larger randomized clinical trials than those previously conducted, and these are an appropriate next step. Large trials are required because the predicted effect of exercise on kidney function decline, although numerically modest, is clinically important. For example, the 0.7% difference in eGFR decline associated with just a small increase in physical activity from none to approximately 30 minutes per week in this study would result in an estimated 1-year delay in ESRD initiation (defined by an eGFR of 10 ml/min per 1.73 m 2 ) over 10 years. On the basis of this study and other published work, we believe that future clinical trials should be broadly inclusive, target basic physical activities such as walking, and include ample follow-up time to ascertain relevant changes in kidney function. In the absence of long-term clinical trial data, current evidence suggests that physical activity is likely to be beneficial and not harmful for CKD patients.
In conclusion, our prospective data demonstrate an association of greater physical activity with slower rates of eGFR decline among individuals who have moderate to severe CKD. Associations were independent of measured confounders, consistent across different physical activity types, increased in effect size with greater physical activity levels, and supported by biologic evidence demonstrating effects of exercise on metabolic pathways that directly affect kidney function. Physical activity is emerging as one of the few actionable interventions available to prevent the adverse sequelae of CKD.
CONCISE METHODS
Study Population
The Seattle Kidney Study (SKS) is a clinic-based, prospective cohort study of CKD based in Seattle, Washington. 37, 38 Briefly, the SKS began recruiting participants in 2004 from outpatient nephrology clinics at Harborview Medical Center and the Veterans' Affairs Medical Center, affiliated hospitals of the University of Washington. Eligibility criteria are age .18 years and CKD of any stage not requiring dialysis. Major exclusions are kidney transplantation or expectation of starting renal replacement therapy or leaving the area within 3 months. Each site's institutional review board approved the study, and all participants provided informed consent. For this analysis, we focused on moderate to severe CKD (stage III-IV; eGFR 15-59 ml/min per 1.73 m 2 ) by excluding 71 participants who had an eGFR $60 ml/min per 1.73 m 2 and 18 participants who had an eGFR ,15 ml/min per 1.73 m 2 at baseline. To assess participants who had the capacity to exercise, we further excluded 33 individuals who were unable to ambulate or required use of a wheelchair. We further excluded 118 individuals who had ,2 eGFR measurements necessary to calculate a slope and 26 participants who did not complete any component of the physical activity questionnaire, leaving 256 participants for analysis ( Figure 1 ). Excluded participants were of similar age, had a similar baseline eGFR, had a higher prevalence of diabetes and coronary disease, and had similar physical activity levels compared with included participants. Among the excluded participants, 23 (19%) died before scheduled follow-up.
Measurement of Physical Activity
We administered the FWH at baseline to determine self-reported leisure-time physical activity. The FWH queries the frequency and duration in which participants engaged in each of the following activities during the prior month: walking for exercise, jogging, biking, aerobics, golf, tennis, swimming, weight training, running on a treadmill, or using an aerobic machine. 39 We calculated the number of minutes per week of each leisure-time activity and then summed these totals across all activities. The FWH questionnaire has been evaluated in the general population against doubly labeled water, heart rate monitoring, changes in maximal oxygen uptake, and accelerometry. [40] [41] [42] [43] [44] We previously reported that FWH correlates with the percentage of time spent in moderate to vigorous activities assessed by gold standard accelerometry in a subset of 48 SKS participants (intraclass correlation coefficient, 0.38; P=0.02). 37 eGFR SKS study coordinators collect annual serum, plasma, and urine samples from all participants after an overnight fast. We decided, before analysis, to evaluate cystatin C-based estimates of GFR because serum creatinine levels depend on muscle mass, which may be influenced by physical activity. 45 In secondary analyses, we assessed GFR using the creatinine-based CKD-EPI equation. 46 We measured serum cystatin C levels from frozen serum samples stored at 270°C using either a particle-enhanced immunonephelometric assay (Gentian A/S; Gentian, Moss, Norway) with a clinical chemistry analyzer (DxC600; Beckman Coulter, Miami, FL) or with a nephelometer (BNII; Siemens Healthcare Diagnostics, Inc., Deerfield, IL 
Measurement of Covariates
Coordinators measured weight using calibrated scales, height using a wall-mounted tape measure, and waist circumference using a constanttension tape. We determined prevalent conditions based on participant responses to questionnaires and hospitalizations that occurred after initial SKS enrollment but before the initial assessment for this study. We assessed medications by inventory assessment and completed missing medication data by chart review. 48 We defined diabetes by the use of an oral hypoglycemic medication or insulin, fasting blood sugar $126 mg/ dl, nonfasting blood sugar $200 mg/dl, or hemoglobin A1c $6.5%. We defined hypertension by the use of any antihypertensive medication, systolic BP $140 mmHg, or diastolic BP $90 mmHg. 49 We measured urine albumin and in spot morning or overnight urine collections.
Statistical Analyses
We tabulated baseline characteristics according to the following leisure-time physical activity categories: none, 1-60, 60-150, and .150 minutes per week. The uppermost physical activity category corresponds to the American Heart Association Physical Activity Guidelines of at least 150 minutes per week of moderate physical activity. 50 We used generalized estimating equations, accounting for within-participant clustering across time, to determine whether annualized relative eGFR change differed across physical activity categories after adjusting for potential confounding variables. 51 Among participants who initiated dialysis and arrived for a study visit thereafter (n=28), we imputed an eGFR of 10 ml/min per 1.73 m 2 at the first postdialysis study visit, and censored all subsequent visits. We evaluated relative change in eGFR based on ongoing work demonstrating minimal dependence of relative eGFR change on baseline eGFR and straightforward interpretation of regression coefficients.
We used Cox proportional hazards regression to estimate the relative hazard of ESRD after adjustment for potential confounding factors. We considered participants to be at risk for ESRD from the date of their initial visit until the first occurrence of dialysis initiation, kidney transplantation, or their data were censored due to death, loss to follow-up, or end of the study data collection period (January 1, 2012), whichever came first.
We selected covariates before analysis based on plausibility that they could confound associations of physical activity with kidney function decline or ESRD. We constructed three multivariable models to assess groups of potential confounding variables. In sensitivity analyses, we determined whether associations of physical activity with eGFR decline were robust to the exclusion of participants who had prevalent coronary disease, prevalent diabetes, and an SPPB score ,8, which is associated with lower extremity disability. 24 There were 27 participants who did not check any boxes on the physical activity questionnaire but answered all other questions. Missing values for these participants were multiply imputed with chained equations, and the resulting analyses were combined using Rubin's rules. 52, 53 Secondary analyses evaluated associations of self-reported physical activity and annualized relative change in eGFR among complete cases only (i.e., restricted to participants with observed values on all predictors), which yielded materially similar results.
In an attempt to characterize the association of walking time alone and eGFR decline, we secondarily examined the association of minutes of walking per week with annualized relative change in eGFR. For these analyses, we additionally adjusted for time spent in other leisure-time physical activities.
All P values were two-tailed (a=0.05). All analyses were performed using STATA software (release 11.2; StataCorp, College Station, TX).
